Abstract: A noninvasive method based on ultrasonic velocity was proposed to detect the displacement front in core displacement experiments. CO2 drive experiments were carried out to prove the possibility of detecting the displacement front. The characteristic that ultrasounds have different propagation velocities in different media was used to detect the displacement front in core displacement experiments. The average velocity can be calculated by measuring the first break time of the ultrasonic wave. Arranging all average velocities of different times at a certain position of the core model in chronological order and then finding the catastrophe point, it is the moment of the catastrophe point that the displacement front arrived.
Introduction
As a modern detection technology, ultrasonic detection has been applied more and more widely. It is known that ultrasonic detection technology is noninvasive, nondestructive and harmless when compared with other monitoring techniques [1] . Plenty of detections in various fields can be carried out using the characteristic that ultrasounds have different propagation velocities and attenuation in different media [2] [3] . This paper utilized the characteristic of ultrasonic velocity [4] [5] .
Chou Y S et al investigated and proposed a novel method for monitoring the state of charge of a vanadium redox flow battery(VRFB) by using ultrasonic velocity [6] . Voleisis A et al researched an approach to monitoring the clotting process during whole blood coagulation by using ultrasonic velocity [7] . Zhang Y et al concluded that using ultrasonic velocity to quantify deformation-induced damage evolution in PE plates can be a nondestructive means [8] .
In this paper, a noninvasive method based on ultrasonic velocity was proposed to detect the displacement front in core displacement experiments.
Theory of detection
A Fig. 1 shows the characteristic that ultrasounds have different propagation velocities in different media. The t1 and t2 in Fig. 4 represent the first break time of two waves. In the case that the height of the core model is known, the average velocity of ultrasound at a certain position and a certain time can be calculated by measuring the first break time. The first break time T0 is shown as equation 1: where H and v are the height of the core model and the ultrasonic propagation velocity in a certain medium, respectively.
In the case that the height is known (6cm), T0 depends on the velocity of ultrasound in fluids. On account that ultrasounds have different propagation velocities in different media, at some point, the average velocity at a certain position would change suddenly if the displacement front arrived at this position. Therefore, by measuring the first break times we could calculate the average velocities at different times at a certain position. Arranging all average velocities of a certain position in chronological order and then finding the catastrophe point, it is the moment of the catastrophe point that the displacement front arrived. Fig. 2 shows the schematic of the experimental setup in our experiment and study. The apparatus consists mainly of four units: the ultrasonic transmitting unit, the core model, the ultrasonic receiver unit and the central control unit. The ultrasonic transmitting unit consists of the high voltage signal generator and the multiway switch, this unit generates appropriate ultrasound to enter into the core model. The core model is made from sandstones (30cm in length, 10cm in width and 6cm in height, 30% porosity). Fig. 2 also shows that there are 12 pairs of probes in total distributed equably on the surface of the core. The core model in figure 1 shows that the transmitting probes are placed on the upper surface of the core and the receiver probes are placed on the lower surface. Coupling agents are smeared between all probes and the surface of the core. The center frequency of the probes is 300kHz. The ultrasonic receiver unit consists of the multiway switch and the data acquisition unit, this unit receives the waveforms penetrated from the core and saves all signals of the whole experimental procedure. The central control unit controls and coordinates other units as well as realizes the automation of experimental procedure. Step 1. Core model vacuuming. The core sample was first dried at room temperature for several days and then vacuumed for six to eight hours. After the core sample was vacuumed, increased the confining pressure to 13MPa slowly [9] .
Experimental setup
Step 2. Water saturation. The purpose of this step is to get the porosity and the volume of pore from the volume of the saturated water.
Step 3. Oil saturation. Mimetic oil (black oil) was injected into the core sample until there was nearly no water flowed out from the core sample (60°C in temperature and 11MPa in pressure). The purpose of this step is to make the core sample oil-saturated and build bound water.
Step 4. CO2 drive. At last, supercritical CO2 (CO2 has a critical temperature and pressure of 31°C and 7.4MPa [10] [11].) was injected into the core sample to drive the oil out. Fig. 3 shows eight ultrasonic signals of a probe at different times in the process of CO2 drive. It can be seen from Fig. 5 that the first waves moved right with the increase of time. That is to say, the first break times increased as time went on. What calls for special attention is that the ultrasonic signals will move right suddenly if the displacement front arrive at the position of the probe.
Results and discussion
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Fig . 4 shows the trend chart of average velocities of a probe in CO2 drive. As the ultrasonic propagation velocity in CO2 is far less than that in oil, the first break times will increase on the basis of equation 1, this is consistent with the result of figure 5 . Therefore, the average velocity will decrease as figure 6 shows. What's more, as shown in figure 6 , the moment of the catastrophe point is 9:25. Hence, the moment that the displacement front of CO2 drive arrived is 9:25.
However, it should be noted that if there is no catastrophe point in the trend chart of average velocities, this means that the displacement front did not arrive at this position. 
Conclusions
Ultrasonic methods are widely agreed to be one of the most promising tools for detecting and monitoring the process of experiments. This paper provides a possibility to detect the displacement front in core displacement experiments. The displacement manners are not restricted to CO2 drive, it is also appropriate for water flooding, CO2 sequestration, polymer flooding and so on.
